The polarity pattern of a macromolecule is of utmost importance to its structure and function. For example, one of the main driving forces for protein folding is the burial of hydrophobic residues. Yet polarity remains a difficult property to measure experimentally, due in part to its nonuniformity in the protein interior. Herein, we show that Fourier transform infrared (FTIR) linewidth analysis of noninvasive 1-13
M ost macromolecules are characterized by the fact that, while parts of the molecule are accessible to the polar solvent, others are not. In proteins, the particular polarity pattern is of critical importance to the structure and function of the molecule. For example, the burial of hydrophobic residues was already recognized in 1938 to represent the dominating factor in the folding of water-soluble proteins. 1, 2 Polarity in membrane proteins represents a further complication, due to the multiphasic environment of the lipid bilayer. In this regard, a particular residue might face the protein core, the polar headgroup region of the membrane, the apolar lipid acyl chains, an internal aqueous channel, or the external solvent, all without exclusivity. Taken together, the internal polarity of a protein is highly nonuniform 3 and can be substantially influenced by external factors. 4 Currently, there are several approaches to investigate local polarity in proteins: Fourier transform infrared (FTIR) spectroscopic analysis of cyano 5 or azido 6−10 groups was shown to provide insight into the local electrostatic environment of the probes. Similarly, insertion of p-cyanophenylalanine was used to report on the local polarity using fluorescence spectroscopy. 11−13 Finally, measuring pK a shifts of ionizable groups in protein interiors can provide information about the local electrostatic environment.
14 Yet, all of the aforementioned methods involve the potentially deleterious chemical modification of the protein under investigation. By contrast, we propose a different approach based on IR spectroscopic analysis of isotopically labeled proteins that is chemically neutral and, hence, nonperturbing.
We have previously shown the utility and ease in which the 1-13 C 18 O label may be used to derive structural properties at a unique position in a protein using FTIR spectroscopy.
15−25
The frequency of the isotope-edited peak is indicative of its secondary structure, while the dichroic ratio represents the bond-vector orientation. 26 Previously, however, in order to derive information regarding the polarity of the labeled site, we would turn to 2D-IR spectroscopy, where we found a correlation between polarity and the homogenous linewidths.
27−29 Herein, we show that FTIR spectroscopy, a far simpler and widely accessible technique, under many circumstances can provide the same information using straightforward linewidth measurements, thereby dramatically increasing the applicability of our findings.
The system we investigated is the Influenza A M2 protein, a 97 amino acid, homotetrameric H + channel, 30, 31 that serves as the target for the antiflu channel blockers amantadine and rimantadine. 32 Given that the transmembrane segment of the protein (residues S22-L46) is necessary and sufficient to promote channel activity and drug binding, 33, 34 all discussion henceforth will concern this section of the protein.
Nine different peptides encompassing the transmembrane domain of the influenza M2 H + channel were used in the study. Each peptide contained a single 1-13 C 18 O label at a unique position, as indicated in Figure 1a . The peptides were purified, reconstituted in hydrated lipid bilayers and examined by FTIR spectroscopy at low pH, conditions in which the channel is known to be open. 30 Individual spectra alongside the fitted peaks are presented in Figure 1c . The resulting linewidths (full width at half-maximum) of the nine different isotope edited amide I modes are shown as red bars in Figure 2a . Interestingly, the linewidths of the different amide I modes exhibit significant variation, ranging from less than 7 cm −1 to more than 11 cm −1 . The linewidth pattern is found to be independent of the vertical position of the labeled site in the helical bundle, as residues at the extremities (e.g., L26) exhibit the same linewidth as some residues in the middle of the membrane (e.g., I33). Moreover, the linewidth variation is clearly not dependent on the local secondary structure, since this segment of the protein is entirely α-helical.
35−38
In order to gain insight into whether the local polarity of the protein is correlated with the FTIR linewidths, we made use of explicit molecular dynamics (MD) simulations. In brief, the Xray structure of the same M2 transmembrane peptide 35 was used to construct a hydrated membrane−protein system, as described elsewhere in detail. 39−41 We then followed by measuring the time-averaged radial density of polar atoms in a 12 Å sphere around the labeled site, and depicted the results in Figure 2a (blue line). There exist more complicated methods of calculating infrared linewidths from MD simulations, 42−45 but the polarity contains the most essential component, which is the strength of the interaction between the solvent and peptide backbone.
Together, we could now show that the polarity of individual residues correlated closely (ρ = 0.83 and p < 0.3%) with their respective amide I mode linewidths, as seen in Figure 2a (blue line and red columns, respectively). It is important to note that the close correlation is evident irrespective of the lateral position of the labeled site. In other words, polarity and FTIR linewidths correlate well, both in residues in the peptide extremities, as well as for amino acids in the interior of the protein.
As stated above, we have previously examined the infrared linewidths of isotopically labeled transmembrane peptides using two-dimensional infrared (2D IR) spectroscopy. 25,27−29 In these studies, we found that the inhomogeneous linewidths of the amide I mode are correlated to their solvent accessibility. In contrast, the homogeneous linewidths showed little variation from site to site, and the variation in vibrational lifetime did not significantly contribute to linewidth variations. Semiclassical line shape theory reveals that the inhomogeneous linewidth variation is caused by the electrostatic disorder of the surrounding environment, which is not only due to water, but ions, lipids headgroups, and the peptides themselves. 47 Finally, other studies in the literature have also reported the sensitivity of the amide I mode to the environment, especially hydration, which is consistent with our results about polarity.
42−45
Herein we show that the relative character of the FTIR linewidths can be interpreted in the same manner as the inhomogeneous linewidths measured by 2D IR spectroscopy. The reasoning behind this finding is that the homogeneous and vibrational lifetimes do not vary enough from site-to-site to significantly alter the total infrared linewidths. Hence, it is the homogenous component that is the main governing factor of the variation in the FTIR linewidths. Therefore, in principle, one does not need to separately measure the homogeneous and Another potential difference between FTIR and 2D IR spectroscopy is background absorption. FTIR intensities scale as c|μ| 2 , whereas 2D IR intensities scale as c|μ| 4 , where c is the concentration and μ is the transition dipole strength. As a result, strong oscillators are enhanced relative to weak ones in 2D IR spectra, which largely eliminates nonspecific absorptions, such as solvent and side chain absorbance, and makes it more straightforward to extract linewidths. In FTIR spectroscopy, the nonspecific absorptions create a background, which makes the baseline less well-defined. Due to this uncertainty, we fit the FTIR linewidths using two extremes for possible baselines and found that both produced the same linewidth trend (see error ranges in Figure 2a red bars) . We note that deconvolving the isotope edited peak by subtraction of an unlabeled sample is very difficult due to inconsistencies in the protein to lipid ratios of both samples.
Since the trends in FTIR linewidth match that of the 2D IR linewidths and MD derived polarity, we establish that FTIR spectroscopy can be used as a sensitive probe of environmental polarity. Since FTIR spectroscopy is a widely accessible experimental technique, our methodology is relevant to the general scientific community.
After having established the correlation between the FTIR linewidths and local polarity, it is informative to examine the results in detail. As expected, based on the conical frustum structure of the M2 protein, 35 the C-terminal residues are extensively solvated (see Figure 2b for a representative snapshot), and hence are located in a highly polar environment. This in turn, is reflected by the broader FTIR linewidths in residues L40 and L43. By contrast, residues that face the hydrophobic acyl chains of the lipid bilayer (e.g., A29 and L36) are located in an apolar environment and therefore, exhibit narrow FTIR linewidths. More interestingly, however, is the examination of the polarity of residues that face the channel lumen (e.g., A30 and I33). In this instance, the polarity as indicated by the FTIR linewidths is similar to that in the peptide extremities, or in other words, to fully solvated residues. Hence, our results suggest that in the M2 protein, the channel lumen is as polar as the bulk solvent.
In conclusion, we show that FTIR linewidths and solvent polarity correlate, and reveal that a channel lumen's polarity is similar to that of bulk solvent. Moreover, our results indicate that linewidths can be extracted from FTIR data that reflect the most structurally indicative measure of solvent polarity, which is the inhomogeneous linewidth. One should keep in mind that variations in the homogeneous and vibrational lifetimes, which would not be readily apparent in FTIR spectra, may alter the results, thereby requiring 2D IR spectroscopy. However, the correlation that we have found between polarity and FTIR linewidths holds true for most residues in all systems that we have so far investigated, including transmembrane helical peptide bundles with and without a water pore and surface bound helical polypeptides. 25,27−29 Finally, an inherent limitation of the approach is the reliance on 1- 13 
C
18 O isotopic labels. While incorporating such labels in synthetic peptides is trivial, it does require more sophisticated approaches to incorporate them in larger protein systems. 48 It is also interesting that such a simple parameter as polarity can qualitatively reproduce the infrared linewidths as compared to the semiclassical and line shape theories used previously. We suspect this is because the polarity arises primarily from the water, which is also the most dynamic component of the system. 47 In conclusion, we show that the utility of nonperturbing isotopic amide I labels is not limited to the few researchers with access to 2D IR spectrometers, but can be applied by anyone with a widely available standard FTIR spectrometer.
■ EXPERIMENTAL SECTION
Peptide Synthesis. All peptides used in the current study encompass the transmembrane domain of the influenza A M2 channel and correspond to residues S22 to L46: SSDPLVVAA-SIIGILHLILWILDRL. 34 Peptide synthesis entailed standard solid-phase N-(9-fluorenylmethoxycarbonyl) chemistry, whereby 1-13 C
18
O labels were introduced as labeled amino acid precursors during the synthesis. The synthesis of the 1-
13

C
18 O labels is described elsewhere in detail. 19, 20 Peptide Purif ication. Crude synthetic peptides were purified in a 20 mL Jupiter 5 C4-300 Å high performance liquid chromatography column (Phenomex, Cheshire, UK). The injected amount was 0.5 mg of the crude synthesis dissolved in 0.75 mL of trifluoroacetic acid. The column was preequilibrated with 80% H 2 O, 8% (w/v) acetonitrile, and 12% (v/v) isopropanol. Finally, the peptide was eluted off the column with a linear gradient to a final solvent composition of 60% isopropanol and 40% acetonitrile. 0.1% (v/v) trifluoroacetic acid was present in all solvents. 
18 O residues (indicated in licorice). Any water molecules that are within 4 Å of the protein are depicted in CPK representation. One of the helices was removed for visual clarity. The image was produced using VMD. 46 The Journal of Physical Chemistry Letters Peptide Reconstitution. One milligram of peptide and 10 mg of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids, Alabaster, Al) were dissolved in 1 mL of 1,1,1,3,3,3-hexafluoro-2-propanol (Merck, Whitehouse Station, NJ). The solution was then warmed to 37°for 2 h. Following overnight desiccation, liposomes were prepared by dissolving the sample in 2 mL of water. Sonication (probe-type sonicator for 2 min at 100 W) and extrusion through 0.2 μm nitrocellulose filters ensured liposome homogeneity.
FTIR Spectra Collection. Attenuated total internal reflection (ATR) spectra were measured with a 25-reflection ATR accessory from Graseby Specac (Kent, England) on a Nicolet Magna 560 spectrometer (Madison, WI), equipped with a highsensitivity liquid nitrogen-cooled MCT/A detector.
Approximately 0.5 mg/mL protein and 5 mg/mL lipid in 600 μL of sample were deposited onto a trapezoidal Ge internal reflection element (50 × 2 × 20 mm) under a stream of CO 2 and water-depleted air. The sample was adjusted with HCl to reach pH 4, which corresponds to the open form of the channel. 30 The instrument was purged with CO 2 and water-depleted air, after which 1000 interferograms were collected and averaged for every sample. Spectra were processed with 1-point zero filling and Happ-Genzel apodization.
Linewidth Measurements. The isotope edited peak partially overlaps the "natural-abundance" 1-12 C 16 O amide I mode and other nonspecific weak absorbances. Therefore, in order to properly measure its linewidth, peak fitting is required with the appropriate baseline. Two extreme cases were considered, as shown in Figure 1b : (i) The peak sits entirely on the margins of the natural-abundance peak (linear baseline, red curve); (ii) Complete separation is assumed and the baseline is a straight line from one end of the peak to the other (constant baseline, green line).
Subsequently, the isotope edited peak was fit using the OMNIC FT-IR software (Nicolet, Madison, WI) with the line shape for both baseline extremes assuming a Voigt profile due to the following reasoning: Amide I vibrations are influenced by the surrounding environment. According to the central limit theorem, the distribution function of the frequency of these vibrations follows a Gaussian profile. The line shape function (or linear absorption spectrum) is proportional to the Fourier transform of the correlation function of the Gaussian profiles at time t = 0 when excitement occurs and at time t when measurement occurs. In the homogeneous limit, frequency fluctuations are rapid, or are of small amplitude. This is due to slow internal motions in this limit, and thus the time-scale of dephasing is greater compared to the time-scale of correlation. The spectrum measured, therefore, nears a delta function about the frequency dictated by the bond vector irrespective of its equilibrium phase. The line shape of this limit appears as a Lorentzian profile. In the inhomogeneous limit, frequency fluctuations are slower, or of greater amplitude, resulting from fast internal motions, lending to the time-scale of dephasing to be quicker (smaller) than the time-scale of correlation. This is exhibited by a Gaussian profile since a significant portion of the bond vectors are dephased by the time the measurement occurs. Biological systems generally exhibit both time-scales of internal motion, resulting in the convolution of the two line shape functions to yield a Voigt profile.
Finally, the full width at half-maximum linewidths of both peaks were then measured and averaged yielding the desired linewidth and standard deviation. The error bars represent the standard deviation of at least two spectra and include the two extreme baseline assumptions stated above. Note that the spectrometer resolution (2 cm −1 ) was not taken into account in the error calculation.
Simulation Setup. The protein structure simulated in this study is derived from the X-ray structure of the M2 channel, solved in octyl-β-D-glucopyranoside micelles, PDB code: 3BKD. 35 The protein was placed in a pre-equilibrated 1,2-dimyristoyl-sn-glycero-3-phosphocholine hydrated bilayer. Any lipid that clashed with the protein in the range of 1 Å was automatically removed. Water molecules present in the X-ray structure were kept. Three modifications were made: (i) The selenomethionine used for phasing of the X-ray structure at position 33 was mutated back to wild-type isoleucine, (ii) the N-terminus was acetylated, and (iii) the C-terminus was methyl-amidated. The overall system's charge was neutralized by adding one Na + ion. Finally, the simulation system contained approximately 100 lipids and ∼3600 water molecules in the FLEXSPC model. 49, 50 Simulation. Each system was energy-minimized (conjugate gradient algorithm) followed by a gradual positional restraints procedure to prevent high perturbations at the beginning of the simulation. Subsequently, simulations of lengths up to 100 ns were used for the analysis.
Simulation Parameters. Version 3.3.1 of the GROMACS simulation package 51 was used for the simulation, employing the united atoms GROMOS96 53a6 force field. 52 The lipid force-field parameters were taken from Berger and coworkers. 53 Bond lengths and angles of hydrogen atoms were maintained with the LINCS algorithm, 54 allowing for an integration time step of 2 fs. Constant temperature of 310 K was used throughout the simulation. A Nose-Hoover temperature bath 55, 56 was used to couple solvent, lipids and protein separately, with a coupling constant of τ = 3 ps. Semi-isotropic, Parrinello−Rahman pressure coupling 57, 58 of 1 bar, with a coupling constant of τ = 1 ps, was used. Finally, long-range van der Waals interactions were cut off at 1.2 nm, and the PME algorithm 59 was used to evaluated electrostatic interactions beyond 1.2 nm.
Polarity Measurement. The local polarity around a labeled 1- 13 
18 O amino acid was determined by measuring the timeaveraged radial density of polar atoms. The radius that was used was 1.2 nm since it corresponded to the long-range cutoff used in the simulation. Furthermore, we note that changing the radius had little effect on the resultant polarity.
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